The field emission properties of LaS nanoprotrusions called nanodomes, formed by pulsed laser deposition on porous anodic alumina films, have been analyzed with scanning anode field emission microscopy. The voltage necessary to produce a given field emission current is ∼3.5 times less for nanodomes than for thin films. Assuming the same work function for LaS thin films and nanoprotrusions, that is, ∼1 eV, a field enhancement factor of ∼5.8 is extracted for the nanodome emitters from FowlerNordheim plots of the field emission data. This correlates well with the aspect ratio of the tallest nanodomes observed in atomic force micrograph measurements. The promise of producing extremely high current densities in near-vacuum with no external source (such as heater, primary electron-beam, or intense light source) has generated significant interest in robust, reproducible, and fieldemission-based cold cathodes [1, 2] . Several promising approaches to achieving cold cathode emission from a dense array of nanoscale field emitters have been investigated including metallic field emitter arrays (FEAs) or Spindt emitters [3] , carbon nanotube (CNT) arrays [4] , and arrays of semiconductor nanowires [5] [6] [7] [8] [9] . To date, metallic FEAs with uniformly high emission have been difficult to fabricate. They are prone to failure and present long-term reliability problems [3] . Carbon nanotubes (CNTs), on the other hand, can be fabricated easily, but the emission current density that they can support, while adequate for some applications, is currently not enough for mainstream high power devices such as traveling wave tubes (TWTs). Semiconductor and semimetallic nanowires therefore appear as perhaps the most promising route to realizing field emitters that can support a large total emission current, in particular if regular high density arrays of them can be fabricated in a self-assembled growth mode. Moreover, to achieve high current densities under low applied voltage, the field emitter material must have low work function. Rare earth monosulfides are therefore ideal for this purpose.
The promise of producing extremely high current densities in near-vacuum with no external source (such as heater, primary electron-beam, or intense light source) has generated significant interest in robust, reproducible, and fieldemission-based cold cathodes [1, 2] . Several promising approaches to achieving cold cathode emission from a dense array of nanoscale field emitters have been investigated including metallic field emitter arrays (FEAs) or Spindt emitters [3] , carbon nanotube (CNT) arrays [4] , and arrays of semiconductor nanowires [5] [6] [7] [8] [9] . To date, metallic FEAs with uniformly high emission have been difficult to fabricate. They are prone to failure and present long-term reliability problems [3] . Carbon nanotubes (CNTs), on the other hand, can be fabricated easily, but the emission current density that they can support, while adequate for some applications, is currently not enough for mainstream high power devices such as traveling wave tubes (TWTs). Semiconductor and semimetallic nanowires therefore appear as perhaps the most promising route to realizing field emitters that can support a large total emission current, in particular if regular high density arrays of them can be fabricated in a self-assembled growth mode. Moreover, to achieve high current densities under low applied voltage, the field emitter material must have low work function. Rare earth monosulfides are therefore ideal for this purpose.
Recently, we reported the first successful deposition of lanthanum monosulfide (LaS) thin films on Si substrates using pulsed laser deposition (PLD) [10, 11] . They were flat layers composed of nanocrystallites having dimensions of the order of 5 nm. The scanning anode field emission microscopy (SAFEM) technique was used to measure the field emission (FE) properties of these LaS thin films (about 0.1 μm thick) [12] . It was shown experimentally that electrons are easily extracted by FE from patchwork areas of few nanometer dimensions having a measured effective work function of ∼1 eV, corresponding to some outcropping LaS nanocrystallites with (100) orientation, embedded in a ∼2.8 eV work function surface related to other crystallographic orientations. A LaS thin film obtained by PLD can therefore be an excellent field emitter material, especially if we can take advantage of a field enhancement factor at the tip of nanoscale protrusions formed from such material. In this letter, we report FE properties of arrays of LaS nanoprotrusions self-assembled with a density as high as 10 9 /cm 2 . These nanoprotrusions, called nanodomes and nanodots hereafter, are produced when LaS is pulse-laserdeposited on nanoporous anodic alumina films containing hexagonal arrays of cylindrical pores that are ∼50 nm wide and ∼500 nm deep. The details of the self-assembly growth of arrays of nanoprotrusions using a porous anodic alumina film as a template are given in [13] .
The nanodomes are cone-shaped LaS structures with base diameter 2r ranging from 50 to 100 nm and height h ranging from 100 to 150 nm. They were found to grow on the boundaries separating regions of the anodic alumina film that have near perfect pore ordering. Their density is ∼10 9 /cm 2 , as extracted from the field emission-scanning electron micrographs (FE-SEM) and atomic force micrographs (AFM) such as those shown in Figures 1 and 2 , respectively. In addition to nanodomes, nanodots (or quantum dots) of LaS nucleate on top of the alumina islands between adjacent pores. These are sites of minimal strain. The dots have a diameter 2r ∼ 50 nm, a density equal to the pore density (10 10 /cm 2 ), and an aspect ratio h/2r less than 1.
The SAFEM technique was used to measure the FE current-voltage (I-V) characteristics at different surface locations. As the nanowires are buried inside the pores, they contribute very little, if any at all, to the net FE current. Moreover, FE measurements from the arrays of nanodomes and nanodots were possible because the regions joining adjacent nanodomes and nanodots are covered with a thin percolating network of LaS over the entire array. Its presence was confirmed by measuring a low resistance value of about 2 Ohms between two electrical contacts about 1 cm apart. For each location, a full set of I-V characteristics (total measured current versus applied voltage) for different values of d, the distance between the cathode surface and the probe ball, was measured. This set of measurements was then analyzed in order to extract the apparent current density αJ versus actual applied local field γF, where γ is the local geometrical field enhancement at the surface of the cathode [14] , F is the notional electric field at the corresponding flat LaS cathode surface (when γ = 1), α a factor taking into account the actual emitting area, and J the notional FE current density. In Figure 2 , we see that the nanodome structures dominate the landscape and therefore they have the highest field enhancement factor γ. The relative contribution of the nanodots to the total FE current is minor due to a smaller value of the γ associated with them. In all probability, the majority of the measured FE current is then extracted from the highest nanodomes.
In order to assess the FE properties from LaS nanoprotrusions, we have compared the FE from nanodome cathodes with that from planar thin film LaS cathodes. This comparative methodology was chosen because a precise quantitative estimation of γ from topographic measurements is still subject to controversy, except for a flat surface. These experimental measurements were performed for both LaS thin films of 100 nm thickness on Si wafers and LaS nanodomes on anodic alumina films. The analysis consisted of the following steps.
(1) In order to restrict the analysis of the differences in the I-V data to the surface morphology of the cathodes, both SAFEM measurements were performed with the same probe ball-to-cathode distance d = 3.65 μm. Typical I-V characteristics are shown in Figure 3 for both thin film and nanodome cathodes. We found that in order to extract the same total FE current, the applied voltage for nanodome cathodes was ∼3.5 times less than that for thin film cathodes. This indicates clearly the contribution of the protruding geometry of the nanodomes to the FE current.
(2) The total FE current versus applied voltage (I-V) characteristics were measured for different values of the probe-ball-to-cathode-surface distance d. From these data, the apparent current densities (α t f J and α nd J) as a a function of the applied local field were extracted [15, 16] , assuming that the applied local electric field included the local enhancement factor γ, that is, γ t f F and γ nd F, for LaS thin film and nanodome cathodes, respectively. α t f and α nd are parameters taking into account the actual emitting areas from low work function nanocrystallite zones [12] and the density of emitting nanodomes. The corresponding Fowler-Nordheim plots (ln(αJ/(γF) 2 ) versus 1/γF) of the data are shown in Figure 4 . As a result of the field V. Semet et al. enhancement factor, the emission area for nanodome cathodes was restricted to the nanodome apexes. The actual current densities J extracted from each nanodome are then much more important than the values of the apparent current densities in the plot of Figure 4 . The exact estimation of the ratio α nd /α t f would require a self-consistent approach, which is in progress, but one can estimate it in first approximation to be proportional to the inverse of the density of the emitting nanodomes. This ratio could be in the range of 10 4 to 10 5 . (3) The FE analysis for both cathodes, presented in the previous paragraph, was limited only to the region where the analytical FE relation developed by Murphy and Good is applicable [15, 16] . Under such conditions, the slopes m t f and m nd of the Fowler-Nordheim plots are, respectively, proportional to Φ 3/2 /γ t f and Φ 3/2 /γ nd , where Φ is the effective work function of the cathodes. In Figure 4 , a straight line fit to the FowlerNordheim plots of the data gave slope values m t f = −0.4155 and m nd = −0.0716 for LaS/Si and nanodome cathodes, respectively. (4) Under the assumption that the nanodome cathodes have the same effective work function as the planar cathodes on Si, that is, Φ ∼ 1eV, [12] the ratio of the slopes extracted from the Fowler-Nordheim plots is equal to the inverse ratio of the field enhancement factors. Since AFM measurements of LaS thin films on Si substrates have shown that surface corrugation is negligible [10, 11] , the error introduced by taking γ t f = 1 is minor. Under this assumption, γ nd = 5.8. This value is in very good agreement with the geometrical aspect ratio of the tallest nanodomes observed by AFM [13] .
In conclusion, the SAFEM technique was used to demonstrate successful FE from LaS nanodomes grown by PLD on top of flexible alumina templates. The SAFEM measurements were found to be reproducible after a period of several months without taking any special precaution to store the template. LaS nanodome arrays are therefore very stable field emitters with a work function around 1 eV. Even though not discussed here, cross sectional FE-SEM images have shown that LaS nanowires grow inside the pores with a density of 10 10 /cm 2 . The nanowires have a diameter of 50 nm and a maximum length equal to the length of the pores (∼500 nm) [13] . This density could approach 10 11 /cm 2 by using templates with pores size down to 10 nm. Actually, the exposure of the tips of the LaS nanowires filling the pores can be done by etching the back aluminum substrate and the small alumina barrier at the bottom of the pores, which could lead to field enhancement factors for the LaS nanowires more comparable to those reported for CNTs. This would lead to a much lower threshold voltage for field emission compared to the one reported here and a large increase in the density of nanoemitters culminating in the realization, therefore the realization of flexible cold cathodes using a self-assembling process with reliable and low cost production.
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